2438

MONTHLY WEATHER REVIEW

VOLUME 124

A General Framework for Convective Trigger Functions

ROBERT F. ROGERS AND J. M. FRITSCH

Department of Meteorology, The Pennsylvania State University, University Park, Pennsylvania

(Manuscript received 15 December 1995, in final form 25 April 1996)

ABSTRACT

A general framework for the trigger function used in convective parameterization routines in mesoscale models
is proposed. The framework is based on the diagnosis of the accessibility of potential buoyant energy. Specifi-
cally, the trigger function 1) estimates the magnitude of the largest vertical velocity perturbation from a source
layer and 2) calculates the total amount of inhibition between the source layer and the level of free convection.
The calculation of perturbation magnitude accounts for such factors as subgrid-scale inhomogeneities, a con-
vective boundary layer, and convergence within the source layer. Specific formulations to quantify these factors

are proposed.

The trigger is tested in a simulation using the PSU~-NCAR mesoscale model MMS. The event chosen for
simulation is a summertime case exhibiting a variety of environments. The results of this simulation are compared
with a simulation using the Fritsch—Chappell (FC) trigger function. It is found that decisions made by the new
trigger function are more physically consistent with the local environment than decisions made by the FC trigger.

1. Introduction

The problem of convective parameterization is
widely recognized by the modeling community to be a
crucial component in obtaining successful numerical
simulations and forecasts (Emanuel and Raymond
1993). Consequently, much energy has been exerted
in developing parameterizations that realistically reflect
the effects of convection on resolvable-scale fields.
However, comparatively little attention has been given
to developing criteria for determining when and where
deep convection will occur. Such criteria are collec-
tively termed the convective ‘‘trigger function.”’ It has
been shown (e.g., Kain and Fritsch 1992; Stensrud and
Fritsch 1994) that some simulations are highly sensi-
tive to what sort of trigger function is used. When and
where convection occurs in a given model simulation
influences the vertical distribution of heating, the prop-
agation of gravity waves from the convection, the
movement of outflow boundaries, and many other non-
linear feedbacks that can substantially alter the results
of the simulation. Thus it is crucial to develop a trigger
function that can accurately diagnose the timing and
location of convection.

Recent advances in both our understanding of the
atmosphere and in computing power have allowed op-
erational and research numerical models to have much
finer resolutions (e.g., AX ~ 15-30 km) than were
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previously possible. Consequently, these models are
now capable of resolving many of the mesoscale fea-
tures that contribute significantly to determining the
timing and location of convection. Conceptually, then,
it should be possible to improve the diagnosis of the
onset of convection in mesoscale models. However, be-
cause many of the current parameterization schemes
were designed for synoptic- and/or global-scale mod-
els, the dynamical constraints that the current schemes
use to relate convection to grid-resolvable circulations
may be different from those that are valid for mesoscale
models. Thus, it is questionable whether or not the cri-
teria used to place convection in larger-scale models,
such as moisture or mass convergence (Kuo 1974) or
grid-scale destabilization rate (Arakawa and Schubert
1974), can be applied successfully to finer-resolution
mesoscale models.

In view of the above considerations, many of the
parameterization schemes designed for mesoscale
models—such as Kireitzberg and Perkey (1976),
Fritsch and Chappell (1980), Frank and Cohen
(1985), and Kain and Fritsch (1993) —use alternate
methods to diagnose the onset of convection. These
schemes rely on the concept of the accessibility of po-
tential buoyant energy to trigger convection. For ex-
ample, the Fritsch—Chappell (FC) and Kain—Fritsch
(KF) schemes compute the amount of inhibition that a
parcel must overcome while rising from its lifting con-
densation level (LCL) to its level of free convection
(LFC). This is done by integrating the parcel buoyancy
equation over that layer and is analogous to determin-
ing the amount of negative area between the LCL and
the LFC on a skew T diagram. In an attempt to repre-
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sent the fact that surface-based hygrothermal and/or
vertical velocity perturbations can be modified by
mesoscale air motions (Chen and Orville 1980), the
ability of the parcel to overcome the inhibition is mod-
ified by the resolvable-scale vertical velocity at the
LCL. Weaknesses in this formulation lie in both the
specification of perturbation magnitudes based on
mesoscale forcing (a firm quantitative link between the
two has not yet been established) and in the compu-
tation of the amount of inhibition that must be over-
come before convection can be initiated. In FC and KF,
the only negative area that is considered is that between
the LCL and the LFC. Inhibition that a parcel encoun-
ters between the layer from which it originated (its
source layer) and the LCL is not accounted for, even
though in many cases there can be an appreciable
amount of negative area within this layer.

The purpose of this study is to identify and explore
the trigger function weaknesses for forecasting con-
vection in mesoscale models and to propose a new trig-
ger function that provides a framework for correcting
some of the weaknesses. This new trigger function is
tested in a mesoscale model and compared with the
same simulation using the original version of the
Fritsch—Chappell trigger function (Fritsch and Chap-
pell 1980). The comparison is used to highlight the
validity of the assumptions underlying both triggers
and to encourage consideration of the important issue
of how to initiate convection in mesoscale models. Sec-
tion 2 defines the new trigger function formulation, and
section 3 describes the mesoscale model and the case
used in the testing. The results of the comparisons are
presented in section 4. Section 5 provides a summary
and concluding remarks.

2. Descriptior of the trigger

An important and desirable property of a trigger
function formulation is applicability to a wide variety
of environments, ranging from well-mixed, free con-
vective boundary layers to stably stratified, nocturnal
boundary layers. In order to construct a function with
such wide applicability, the following two steps are
adopted as the general basis for the triggering decision:

1) estimation of the magnitude of the largest sub-
grid-scale vertical velocity perturbation originating
from within each potential source layer, and

2) calculation of whether or not this perturbation
is strong enough to overcome the total grid-resolva-

ble negative inhibition between the source layer and
the LFC.

Factors that influence the determination of pertur-
bation magnitudes are discussed in the next subsection,
and the formulation and implementation of the trigger
are discussed in the following subsection.
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a. Vertical velocity perturbations

The magnitude of the vertical velocity perturbations
is influenced by many factors such as insolation and
local inhomogeneities in surface physiography and/or
atmospheric structure. Over the past decade, surface
heterogeneity (e.g., rough or steep terrain, land/water
interfaces, and vegetative coverage differences) has re-
ceived much attention (e.g., Avissar and Pielke 1989;
Chen and Avissar 1994; Hong et al. 1995) because of
the role it plays in triggering convection, especially
during the warm-season daytime hours. These surface
variations, as well as other features such as cloud-scale
outflow boundaries, are often unresolved in mesoscale
models with resolutions on the order of 10 km or
greater. Parameterizing the effect of subgrid-scale in-
homogeneities on vertical velocity perturbations is
therefore necessary.

Although there is likely a spectrum of perturbation
sizes in a given grid element, intuitively, the largest (in
areal coverage ) and most buoyant perturbations are the
ones that have the greatest probability of reaching the
LFC and triggering convection. For grid elements with
more and/or stronger inhomogeneities, there is likely
a greater number of relatively stronger perturbations.
Thus, formulations for estimating perturbation magni-
tudes in a given grid cell should be directly dependent
on the degree of inhomogeneity in the cell.

Since no database exists that contains all measures
of inhomogeneity for every grid peint in a model, it is
necessary to estimate the spectrum of subgrid-scale
perturbations by other means. One approach is to assign
a grid-size dependence to the inhomogeneity spectrum.
This approach stems from the recognition that there
should be more and larger subgrid-scale features that
create inhomogeneities within larger grid elements; that
is, other things being equal, for a larger grid size, it is
more likely that there will be more and larger pertur-
bations. Thus, given the same amount of convective
inhibition, convection is more likely to occur in large
grid elements than in small ones. Also, because many
of the perturbations arise from inhomogeneities that ex-
ist at the surface, the perturbation should be dependent
upon the properties of the surface (e.g., variations in
terrain, vegetation, soil moisture, etc.), the height
above the surface (Segal et al. 1989), and the stability
between the surface and the layer from which the rising
parcel emanates (i.e., the source layer).

Another important factor that affects the magnitude
of subgrid-scale perturbations is the strength of the di-
urnal heating cycle. In cases of strong daytime heating,
free convective boundary layers, which often serve to
trigger convection, can develop. Subgrid-scale pertur-
bations originating in such layers have a vertical ve-
locity that can be described by the free convective scal-
ing velocity w*, which is a function of the surface
buoyancy flux and the height of the top of the planetary
boundary layer (Stull 1988). The value of w* can be
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obtained from a high-resolution boundary layer model
(Zhang and Anthes 1982).

If the source layer is above a free convective bound-
ary layer, the effect of the surface-driven thermals may
still trigger convection. When the thermals reach the
top of the boundary layer, they typically encounter neg-
ative area (unless, of course, they have reached their
level of free convection). As the thermals overshoot
and penetrate into the negative area, they are forcing
air above them upward because of their own upward
motion. This upward motion serves as a vertical veloc-
ity perturbation for layers above the free convective
boundary layer (Clark et al. 1986). Based upon this
work, the magnitude of these perturbations should in-
crease as w* increases and decay rapidly with increas-
ing height and stability above the boundary layer top.

Of course, many cases of convection occur when
boundary layer air is convectively stable. In these
cases, convection originates from a source above the
stable boundary layer and in an area in which the en-
vironment is nearly saturated. This situation typically
occurs as moist low-level air overruns a warm front or
a convective outflow boundary. In these regimes, ver-
tical velocity perturbations resulting from surface-
based inhomogeneities may be very small or nonexist-
ent. Perturbations can still arise, however, from free-
atmosphere processes such as Kelvin—Helmholtz
waves or gravity waves.

Yet another factor that appears to influence the mag-
nitude of subgrid-scale perturbations is convergence in
the source layer. Based upon Chen and Orville (1980),
convergence serves to organize and strengthen pertur-
bations such that they are more likely to reach their
level of free convection. Conversely, divergence tends
to weaken and suppress perturbations. Thus, the mag-
nitudes of existing vertical velocity perturbations in a
given layer should be modified commensurate with the
amount of convergence or divergence in that layer.

b. Formulation and implementation of trigger

In order to test the concepts presented above, specific
relationships that quantify the effects of inhomogene-
ities, surface heating, convergence, etc. on the magni-
tude of subgrid-scale vertical velocity perturbations
must be defined. Unfortunately, neither theoretical nor
empirical formulations for the exact functional depend-
encies of these parameters on resolvable scales are
available. Therefore, rudimentary relationships de-
scribing these functionalities are prescribed below as a
framework within which to test the concepts.

As a starting point, it is assumed that the magnitude
of the largest vertical velocity perturbation w,, not ac-
counting for grid-scale convergence, can be expressed
as the sum of the contributions from inhomogeneities
and from the convective boundary layer, if such a
boundary layer exists. The vertical velocity perturba-
tion arising from inhomogeneities is specified by
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w,.=kl~’f<1—ﬂ>, (2.1)

L H

where k; is a coefficient of proportionality that varies
in space as a function of surface properties (without
any data upon which to determine such a functionality,
k, is assumed here to be constant at 0.2 ms™"), Ax is
the grid size (m), L is the grid-length scale beneath
which cloud-scale perturbations begin to become re-
solved explicitly, kg is the midheight of the source
layer above the ground in meters, and H is the threshold
height above which surface-based and lower-tropo-
spheric perturbations are assumed to become negligi-
ble. In the preliminary tests presented in section 4, L
= 10 km and H = 5 km. Based upon this formulation,
the value of w; increases with increasing grid size
(Ax) and decreases with increasing height above the
surface (hg).

The convective boundary layer perturbation (w.,) is
set equal to w* for cases where the source layer is
within a convective boundary layer. The determination
of a convective boundary layer is made by the bound-
ary layer scheme employed by the mesoscale model
(Zhang and Anthes 1982). For source layers above the
convective boundary layer, the following relationship
is assumed:

&2 %,

Wabl = Wep €XPp — I:C](AZA)Z +

where Az, (m) is the distance between the top of the
boundary layer and the midheight of the source layer
(hsL), 0, 1s the mean virtual potential temperature (K)
between the boundary layer top and the source layer,
06,/ 0z is the stability within the layer Az,, and ¢, and
c, are proportionality constants set to 5 X 10~7 m~? and
3 X 10* m, respectively. These values of ¢; and ¢, have
been specified such that the two terms in parentheses
have approximately the same order of magnitude, and
hence both affect w,,, given typical values of Agz,,
0,, and 06,/ 9z. This formulation allows for exponential
decay of w,, as a function of height and stability above
the boundary layer. It is an attempt to quantify rela-
tionships that were found in Clark et al. (1986). In their
modeling study they found that, for a given value of
stability, the magnitudes of the vertical velocity per-
turbations decreased between 50% and 80% over a 2-
km depth above the convective.boundary layer. Figure
1 shows wy, as a function of depth (Az,) between the
boundary layer top and the source layer midheight for
assumed values of w; = 1.0 ms™', 8, = 300 K, and
06,/10z = 1 Kkm™' and also as a function of stability
(06,/8z) for Az, = 500 m and 8, = 300 K. For this
formulation, the magnitude of the vertical velocity per-
turbation decreases 80% at a depth of 2 km above the
boundary layer. The decrease in magnitude of the ver-
tical velocity perturbation is not as sensitive to changes
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FiG. 1. Plot of w,y, as a function of Az, for assumed values of w,
=1.0ms™, 6, =300K, and 86,/0z = 1 K km™!, and as a function
of 89,/9z for assumed values of wey = 1.0 ms™', Az, = 500 m, and
6, = 300 K.

in stability, however, decreasing only 30% as the sta-
bility increases to 5 K km™'.

The total of the contributions from inhomogeneities
and from the convective boundary layer can now be
expressed as

W, = W; + Wy + Wa, (2.3)

where w,, is zero if the source layer is within a con-
vective boundary layer, w, is zero if the source layer
is above a convective boundary layer, and both are zero
if no convective boundary layer exists. Since subgrid-
scale inhomogeneities create perturbations regardless
of the type of boundary layer that exists, w; is always
computed. If the boundary layer is free convective, then
W OF Wy is computed, depending on whether the
source layer is within or above the boundary layer, re-
spectively.

A final estimate of the magnitude w' of the largest
vertical velocity perturbation is obtained by increasing
(decreasing) w, to account for convergence (diver-
gence) in the source layer. Specifically, the magnitude
of w, is modified by the following formulation:

aw 1/3
w' = w,,[l + c3<——a;s> J ,

where Ow,.s/0p is the vertical derivative in pressure
coordinates of the resolvable-scale vertical motion

(2.4)

ROGERS AND FRITSCH

2441

(equal to the divergence in the layer being considered)
and ¢, is a proportionality constant set to 10 s'/*. This
value of ¢; was chosen to provide magnitudes of w’
that fall within the range of observed values of eddy
vertical motions (see Khalsa and Greenhut 1985). For
example, when convergence is 107571, W, is in-
creased by about 20%. When convergence is10™*

w, is increased by about 50%. Equation (2.4) is apphed
only in the source layer.

Beginning with the model layer closest to the
ground, the thermodynamic properties of adjacent lay-
ers overhead are mixed in a mass-weighted fashion un-
til the combined depth of the mixture (the source layer)
is a least 60 mb (the actual depth may vary slightly due
to differences in the thicknesses of the individual model
layers). The perturbation vertical velocity is then de-
termined for that particular source layer. The next step
is to compute the inhibition energy (F;, commonly
known as the negative area) for the layer between hgy,
and the LFC. This is accomplished by integrating the
parcel buoyancy equation, that is,

gue — 9;

Ei - W%eg - 2g gve

AZLFC.- (2-5)

where w,, is the vertical velocity that a perturbation
would need to overcome the inhibition energy, g is the
acceleration due to gravity, 6, is the virtual potential
temperature of the environment, 8, is the virtual poten-
tial temperature of the parcel, and Az gc is the layer
between the source layer and the LFC being considered
for the negative area computation. If the following con-
dition exists,

(2.6)

’
W' = Wyeg,

then the parcel can overcome the layer of inhibition
and convection can occur. If not, then a 60-mb-deep
layer beginning with the second-lowest model layer is
checked in the same way, and so on, until a buoyant
mixture is found or each layer in the lowest 300 mb
has been tested and found to be nonbuoyant.

3. Experimental design

In order to test the trigger function presented above,
a case that exhibited a variety of convective environ-
ments was selected for simulation using the Pennsyl-
vania State University—National Center for Atmo-
spheric Research Mesoscale Model Version 5 (PSU-
NCAR MMS5) (Grell et al. 1994). The case chosen for
simulation occurred on 14 July 1982 and involved the
development of a series of mesoscale convective sys-
tems (MCSs) over the western Plains states and the
Front Range of the Rocky Mountains. In particular,
during the afternoon and evening of 14 July 1982, six
distinct MCSs formed in a line stretching from Sas-
katchewan southward to New Mexico. For this study
two simulations are performed: one using the new trig-
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ger function, and one using the Fritsch—Chappell trig-
ger function. The model is statically initialized at 1200
UTC 14 July 1982 and is run for 12 h in each simula-
tion.

To perform the comparisons between the two trigger
functions, the evolution of the model-simulated con-
vection using each trigger function is compared with
the observed convection. More importantly, since the
model-simulated evolution of convection may be in er-
ror for many reasons that have little to do with the
trigger function (e.g., errors in the initial conditions,
inadequate boundary layer parameterization, etc.),
soundings at three grid points representing a variety of
environments are examined closely in an attempt to
determine how well each trigger function diagnoses the
decision of convective initiation based on the model-
generated soundings. Given the wide spectrum of syn-
optic environments that occur in this particular case, it
is a severe test of the trigger functions’ ability to discern
the likelihood for convective activity. In the following
sections, brief descriptions of the mesoscale model and
the synoptic conditions during the event are presented.

a. Description of the model

The PSU-NCAR MMS is a primitive equation, non-
hydrostatic, three-dimensional model. The domain con-
figuration consists of a two-way interactive nested grid
(Zhang et al. 1986) with a coarse-mesh resolution of
36 km and a fine-mesh resolution of 12 km. The lo-
cations of the two domains, along with the coarse-mesh
terrain, are shown in Fig. 2. The number of grid points
for the (x, y, o) dimensions of the coarse and fine
meshes are (71, 55, 29) and (76, 88, 29), respectively.
The spacing between sigma levels is smallest in the
lower troposphere and increases with increasing height.
Resolution is therefore concentrated in the lower tro-
posphere in-order to enhance the resolution of boundary
layer processes (Stensrud 1992).

Numerous physical processes are represented in the
model. In particular, resolvable-scale precipitation pro-
cesses are simulated using an explicit moisture scheme
that includes predictive equations for cloud water,
cloud ice, rain, and snow (Dudhia 1989). This scheme
is activated when grid-scale saturation is reached. For
conditions at or below 0°C, the scheme allows for ice
phase processes in which cloud water is treated as cloud
ice and the remaining condensate is treated as snow. A
high-resolution planetary boundary layer parameteriza-
tion (Zhang and Anthes 1982) is used to simulate the
vertical mixing of temperature, water vapor, momen-
tum, and cloud water. The parameterization uses a sur-
face energy budget that is dependent on the surface
sensible and latent heat fluxes and the radiative fluxes.
The radiative fluxes are calculated to account for the
effects of clouds on both short- and longwave radiation.
The scheme includes four different boundary layer re-
gimes, ranging from stable to mechanically driven tur-
bulence to forced convection to free convection.
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FI1G. 2. Coarse- and fine-mesh domains. Bold lines indicate position
of fine-mesh domain. Thin lines indicate coarse- mesh terrain. Con-
tour interval is 400 m.

To represent deep, moist convection in the model,
the Kain and Fritsch (1993) parameterization scheme
is used on both meshes. This scheme, like other param-
eterization schemes used in mesoscale models, esti-
mates the subgrid-scale effects that convection has on
such parameters as the vertical mass flux and the ver-
tical profiles of temperature, moisture, and momentum.
Two major questions are addressed by this scheme.
First, it must determine whether or not convection will
occur at a given grid point at a given time. This is
accomplished by the trigger function. Second, if con-
vection does occur at a grid point, the subgrid-scale
effects of that convection on the resolvable scale must
be calculated. This is accomplished by the cloud model.
The cloud model in the Kain—Fritsch scheme includes
both environmental entrainment and updraft detrain-
ment. This entrainment—detrainment scheme allows
the parameterized vertical distribution of convective
heating and drying to be more responsive to environ-
mental conditions than is possible with a traditional en-
training plume model, such as that used in the Fritsch—
Chappell scheme (Kain and Fritsch 1990). For this
study, only the trigger function is varied between the
two simulations. The cloud model is identical in both
runs.

b. Synoptic conditions

At the model initialization time (1200 UTC 14 July
1982), the upper-air circulation over the western
United States was dominated by a synoptic-scale dis-
turbance centered over British Columbia and a nega-
tively tilted ridge over the northern High Plains (Fig.
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FIG. 3. Upper-air analyses at 1200 UTC 14 July for (a) 200 mb
and (b) 700 mb. (a) Solid lines denote geopotential height (120-m
contour interval), bold-dashed lines denote isotherms (5°C contour
interval), and light-dashed lines denote isotachs (20-kt contour inter-
val). Areas marked A, B, and C denote locations of the three grid
points selected for detailed examination of trigger function perfor-
mance. (b) Solid lines denote geopotential height (30-m contour in-
terval), and dashed lines denote isotherms (5°C contour interval).
Heavy-dashed line shows location of short-wave trough.

3). (The location of the three grid points selected for
detailed examination of trigger function performance
are indicated in Fig. 3.) Farther to the south, the upper-
level flow was predominantly westerly, with a series of
embedded weak short waves propagating eastward
from the Pacific coast to the western Plains. Of partic-
ular note is the trough that extends from central Mon-
tana southwestward through central Utah. This trough
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passes over eastern Colorado during the next 12 h and
influences the convective developments in the vicinity
of grid points B and C.

At the surface, a weak frontal boundary stretched
southeastward over the northern Great Plains, marking
a shift from southerly to southeasterly flow (Fig. 4).
This boundary formed an occlusion with a weak cold
front over central Montana associated with the British
Columbia disturbance. In advance of the short-wave
trough over Colorado, a low-level southerly flow of
moist air from the Gulf of Mexico covered much of the
central and southern Plains (Fig. 4). Surface dewpoints
of over 15°C covered a broad area extending northward
from the gulf states to the prefrontal region in eastern
Montana. In advance of this front, an area of deep con-
vection had developed just north of grid point A, the
first location that will be examined for trigger perfor-
mance. Outflow from this convection coupled with the
low-level southeasterly flow intercepting the front sug-
gests that there was potential for additional deep con-
vection in the vicinity of grid point A.

Although the surface data indicate only weak syn-
optic-scale features over the Great Plains, satellite im-
agery (Fig. 5) reveals at midmorning broken cloudi-
ness over eastern Montana and Wyoming and western
North and South Dakota, a decaying MCC over central
Nebraska, broken cloudiness over western Oklahoma,
and a developing area of convection over western Mis-
souri. Otherwise, the rest of the Plains and Rocky
Mountain states are under either thin cirrus clouds or
clear skies. By midafternoon, eastern Montana was free
of deep cloudiness, while cloudiness persisted over
South Dakota and northern Nebraska in association
with the frontal boundary located there. Also, areas of
convection were continuing along the Kansas—Mis-

F1G. 4. Surface analysis for 1200 UTC 14 July 1982. The standard
surface station data-plot convection is used. Solid lines are isobars
(2-mb intervals). Shaded region shows areas where the dewpoint is
greater than 15°C.
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Fic. 5. Enhanced infrared satellite image for (a) 1515 UTC and (b) 1915 UTC 14 July 1982.
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FiG. 6. Model-generated sounding for grid point A at 1200 UTC
for the simulation using the FC trigger function. Bold-dashed line
shows path followed by parcel originating from source layer deter-
mined by the trigger function (Pg,_in subsequent tables). Dark-shaded
region is convective inhibition encountered by parcel between its
source layer and its LFC. Light-shaded region is convective available
potential energy available to parcel undergoing undilute ascent.

souri border and in a few areas along the Front Range
of the Rocky Mountains in Colorado and New Mexico.

4. Trigger performances

As mentioned previously, three types of environ-
ments are selected for examining and comparing the
performances of the two trigger functions: 1) a frontal/
outflow boundary environment (grid point A), 2)
mountainous terrain with daytime high-based convec-
tion (grid point B), and 3) a Great Plains environment
(grid point C). These grid points were selected because
they represent commonly occurring convective situa-
tions that trigger functions encounter and must quan-
titatively evaluate for the likelihood of deep convec-
tion. The performance of each trigger function is eval-
uated by first examining the specific thermodynamic
environment (i.e., model-generated sounding) encoun-
tered by that trigger and then evaluating contributions
of each component of the trigger. While the selection
of the grid points likely will affect the results of the
comparisons, this exercise nonetheless provides a
framework for discussing the validity of the assump-
tions underlying the design of each trigger.

a. Frontal/outflow boundary environment

Figure 6 shows the model-generated 1200 UTC
sounding for point A. This location is just ahead of the
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FI1G. 7. One-hour accumulated convective rainfall for the coarse
mesh ending at 1300 UTC using the FC trigger function. The value
of the contour is 0.025 cm. Line LM shows location of cross sections
in subsequent figures.

cold front and behind the deep clouds evident in Fig.
5. The boundary layer is stable (approximately iso-
thermal) and relatively moist. Above the boundary
layer the sounding is conditionally unstable, but parcels
would have to overcome a substantial amount of con-
vective inhibition. For example, even ignoring entrain-
ment, parcels originating near the 850-mb level would
have to be lifted nearly 200 mb before reaching their
LFC. On the other hand, parcels originating from much
higher levels, for example, near the 600-mb level, only
require about 50 mb of lift to reach their LFC.

1) FC TRIGGER

Figure 7 shows the 1-h convective rainfall ending at
1300 UTC for the coarse-mesh simulation using the FC

TaBLE 1. Component values for the FC trigger function for three
different environments. Forecast time is time (UTC) at which
convection is initiated, Py is the mean pressure of the source layer,
Py, is the pressure of the lifting condensation level, Tic. is the
temperature of the rising parcel at its LCL, w,, is the resolvable-scale
vertical velocity at the LCL, 67, is the temperature perturbation
applied to the parcel due to w,, and 7., is the environmental
temperature at the LCL.

Grid point Grid point Grid point
A B C
Forecast time (UTC) 1218 1236 1218
Py (mb) 600 670 813
Pyc (mb) 589 560 719
Tl (°C) -1.96 —6.01 8.17
Wees (M 5™ 062 046 020
8T (°O) 1.85 1.68 1.27
Teny °C) —-1.57 —4.49 9.26
Convection? Yes Yes Yes
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FiG. 8. Cross section of vertical motion through grid point A at
1200 UTC using the old trigger. Contour interval is 2 cm s™*. Solid
(dashed) lines denote upward (downward) motion.

trigger function. The trigger function initiated convec-
tion during the first hour in much of eastern Montana,
including the location represented by point A. This is
in contrast to the satellite imagery (Fig. 5), which in-
dicates that the deep clouds were primarily over the
northeast corner of Montana. Analysis of the compo-
nents of the trigger function (Table 1) indicates that
the mean level of the source layer for the convection is
600 mb and the LCL is 589 mb. The main factor that
allows the convection to occur is the large boost that
the trigger provides to the parcel as a result of pro-
nounced midlevel upward motion associated with the
frontal passage. Figure 8 shows a cross section of ver-
tical motion through grid point A and the front. A core
of maximum upward motion of 0.08 m s ! is centered
near 500 mb in the area immediately ahead of the front.
The resolvable-scale vertical motion at the LCL is
0.062 m s~!, giving a thermal perturbation of 1.85°C
to the parcel (see Table 1). This is enough to give the
parcel a higher temperature than the environment, so
the FC trigger initiates deep convection.

With such a high source layer (300 mb above the
surface), the decision to initiate convection in this case
is questionable. Recall that the purpose of incorporat-
ing a forcing contribution from the resolvable-scale
vertical velocity in the FC trigger function is to account
for the organizing and strengthening effects of low-
level convergence on hygrothermal/vertical velocity
perturbations. However, since the source layer is so
high in this case, the contribution by the midievel ver-
tical motion to organizing and strengthening low-level
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perturbations may be overestimated. Moreover, be-
cause this trigger function is so strongly linked with
resolvable-scale vertical motion, and resolvable-scale
vertical motion typically is maximized in the midtro-
posphere, there may be a tendency to prematurely { and
erroneously) initiate convection from elevated source
layers with high LCLs. As suggested in section 2, any
linkage with resolvable-scale vertical motion should
have some sort of dependence on height above the sur-
face.

2) NEW TRIGGER

Unlike the FC trigger, the simulation using the new
trigger function does not initiate convection in south-
eastern Montana during the first hour (not shown).
Since the sounding representative of the local environ-
ment (Fig. 6) indicates that the boundary layer is stable
over southeastern Montana, the only component con-
tributing to the unmodified vertical velocity perturba-
tion w, is due to inhomogeneities. Table 2 lists the val-
ues of the various elements that contribute to the ‘‘de-
cision’’ of the new trigger function at grid point A. The
values have been computed for the same time and from
the same source layer from which convection was ini-
tiated using the FC trigger. After accounting for the
effects of convergence/divergence encountered by the
parcel during ascent to its LFC, the magnitude of the
final vertical velocity perturbation w’is 0.2 m s ~'. This
is far less than the velocity perturbation needed to over-
come the negative area between the source layer and
the LFC (wyee = 2.30 ms™"), so convection does not
occur. Another factor explaining the different ‘‘deci-
sions’’ of the two triggers is the computation of con-
vective inhibition (dark-shaded region in Fig. 6). Re-
call that in the FC scheme the convective inhibition
between the source layer and the LCL is ignored.

TABLE 2. Same as in Table 1 except for the new trigger fuaction.
The expression w; is the contribution to the total perturbation due to
inhomogeneities, w., is the contribution from a convective boundary
layer if the source layer is within the boundary layer, wy, is the
contribution from a convective boundary layer if the source layer is
above the boundary layer, (Ow/Op)sy is the resolvable-scale
convergence within the source layer, w' is the total perturbation, and
Wieg 18 the inhibition between the source layer and the LFC.

Grid point Grid point Grid point
A B C

Forecast time (UTC) 1218 1236 1218
Pg; (mb) 600 670 813
Py (mb) 589 560 719
w; (ms™h) 0.22 0.21 0.49
Wepr (M 571) 0 0 0
W (ms7h) 0 0 0
(Bw/dp)sL 574 0 23 x 107 1.0 X 107°
w' (ms™!) 0.20 0.33 0.60
Waeg (1 871) 2.30 10.80 6.01
Convection? No No No
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F1G. 9. One-hour accumulated convective rainfall for the coarse
mesh ending at 1800 UTC using the new trigger function. First con-
tour is 0.025 c¢cm; second contour is 0.254 cm.

Therefore, a much smaller vertical velocity perturba-
tion can trigger convection.

The new trigger continues to suppress convective ac-
tivity at grid point A for 5 more hours. However, by
1800 UTC, convection is widespread over eastern
Montana (Fig. 9). Figure 10 shows the 1700 UTC
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Fic. 10. Same as in Fig. 6 except for grid point A
at 1700 UTC using the new trigger function.
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TABLE 3. Same as in Table 2 except for 1710 UTC at point A,
1635 UTC at point B, and 1800 UTC at point C.

Grid point Grid point Grid point
A B C

Forecast time (UTC) 1710 1635 1800
Pg;, (mb) 756 526 934
Py ¢y (mb) 747 510 860
w; (ms™) 0.50 0.11 0.67
Wepy (m 571 1.70 2.35 1.54
Wy (m s™h 1.09 1.67 0
(Bw/dp)sL s 0 0 5.0 %X 1073
w’ (ms™!) 1.59 1.78 2.94
Wreg (M s71) 1.56 1.56 9.30
Convection? Yes Yes No

model sounding at point A, 10 min prior to the initiation
of convection. The midtroposphere has dried, and a
deep convective boundary layer (100 mb) has formed.
A cross section passing through grid point A (not
shown) reveals low-level upward motion over much of
eastern Montana, including at point A. This upward
motion, coupled with a growing convective boundary
layer, has destabilized the environment to the point that
convection can occur. Specifically, analysis of the trig-
ger function at point A for the time convection is ini-
tiated (Table 3) indicates that the source layer for con-
vection is just above the convective boundary layer.
The decision to initiate convection depends upon ver-
tical motion perturbations from two main sources: 1)
inhomogeneities and 2) the underlying convective
boundary layer. These sources of local vertical motion
total 1.59 m s~ and are sufficient to overcome the con-
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FiG. 11. Plot of fine-mesh terrain centered over northeast Colorado.
Contour interval is 200 m.
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vective inhibition of 1.56 m s ~'. Therefore, convection
occurs, in contradiction with observations (Fig. 5).

b. Mountainous terrain with daytime high-based
convection

Northeast Colorado is characterized by sharply con-
trasting relief where the High Plains end abruptly at the
Front Range (Fig. 11). Oriented perpendicular to the
Front Range are two east—west ridges, the Cheyenne
Ridge and the Palmer Lake Divide. These east—west
ridges and the Front Range are climatologically favor-
able regions for mountain-generated thunderstorms
during the warm season (e.g., Henz 1974; Banta and
Schaaf 1987). Storms generally form in the late morn-
ing after a convective boundary layer has developed
and a mountain—valley circulation generates local con-
fluence (Toth and Johnson 1985). Satellite images for
this day indicate that the evolution of convection fol-
lowed this conceptual model of development (Fig. 5).

1) FC TRIGGER

Figure 12 shows the 1-h convective rainfall ending
at 1300 UTC for the fine-mesh simulation using the FC
trigger function. It is evident that parameterized con-
vection develops over many high-elevation locations
(cf. Figs. 11 and 12). Figure 13 presents the 1200 UTC
sounding for grid point B, 36 min before the initiation
of convection. The location is along the high ridges of
the Front Range (see Fig. 11). The boundary layer is
dry and very stable, with a strong nocturnal inversion
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FIG. 12. One-hour accumulated convective rainfall for the fine
mesh ending at 1300 UTC using the FC trigger function. First contour
is 0.025 cm; second contour is 0.254 cm.
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FiG. 13. Same as in Fig. 6 except for grid point B
at 1200 UTC using the FC trigger function.

near the surface. Immediately above the inversion is a
deep layer of nearly dry-adiabatic air. This dry-adi-
abatic layer is characteristic of a residual boundary
layer created during the previous day’s solar heating
(Stull 1988). The presence of the inversion and the
lack of moisture at the surface preclude convection
from being initiated from the low levels. However, the
possibility exists that convection may be initiated from
layers between 700 and 600 mb.

Table 1 presents the values of the various elernents
composing the FC trigger function for a source layer
centered at 670 mb. Recall that with the FC trigger the
resolvable-scale vertical velocity at the LCL is used to
modify the temperature of the parcel at the LCL before
a comparison with the environmental temperature is
made. In this case, the resolvable-scale vertical velocity
is approximately 0.046 m s~', which the trigger con-
verts to a positive thermal perturbation (analogous to
a positive vertical velocity perturbation) of 1.68°C for
the parcel. This is enough to cause the parcel temper-
ature to be higher than the environmental temperature,
SO convection oecurs.

Closer inspection of the sounding calls into question
the decision to initiate convection here. In particular,
the source-layer air must ascend 110 mb through very
dry air before reaching saturation. In the FC trigger, the
source-layer air is assumed to always reach its LCL and
then, after addition of the thermal perturbation, is
checked for buoyancy. However, because the source-
layer air is 5O mb above the surface and above a strong
inversion, thermal and/or vertical velocity perturba-
tions would likely be weaker than if a well-mixed layer
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were present. The assumption that the parcel will au-
tomatically reach its LCL neglects the inhibiting effect
of the negative buoyancy and the entrainment of dry
air encountered by the parcel during its 110-mb ascent
to its LCL (dark-shaded region in Fig. 13). This inhi-
bition likely would prevent the parcel from reaching its
LCL. Therefore, convection should not have been trig-
gered at this grid point.

2) NEW TRIGGER

In contrast to the FC trigger function formulation,
the simulation with the new trigger function does not
initiate widespread convection over the Front Range
until the late morning, in agreement with the observa-
tions. Table 2 presents statistics from the trigger func-
tion for the same time and for the same source-layer
air that were used with the FC trigger function. The
only contribution to w, comes from inhomogeneities
(w; = 0.21 ms~"). This value of w, is enhanced by
the convergence that the parcel experiences during its
ascent to its LFC. Nevertheless, the final value of the
parcel perturbation w' is still less than w,.,, s0 convec-
tion does not occur here.

It is not until several hours into the simulation that
convection is initiated at grid point B. The 1-h convec-
tive rainfall valid at 1700 UTC using the new trigger
function is shown in Fig. 14. Scattered weak convec-
tion has occurred along the Front Range, including at
grid point B. Figure 15 shows the 1600 UTC sounding
at point B, 35 min before the initiation of convection.
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FIG. 14. One-hour accumulated convective rainfall for the fine
mesh ending at 1700 UTC using the new trigger function. First con-
tour is 0.025 cm; second contour is 0.254 cm.
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FiG. 15. Same as in Fig. 6 except for grid point B
at 1600 UTC using the new trigger function.

A deep convective boundary layer (100 mb) has de-
veloped, but parcels emanating from this layer still
must overcome a substantial amount of negative area
in order to reach their LFC. However, grid point B is
within a region of strong upward motion in the lower
and middle troposphere (cross section not shown).
This upward motion serves to destabilize the sounding
during the next 35 min, especially in the middle tro-
posphere. Statistics from the trigger function (Table 3)
show that the source layer for the convection is above
the convective boundary layer. Even after weakening
the magnitude of the perturbation to account for this
fact, the magnitude of the perturbation w' is 1.78
m s~ '. This is large enough to overcome the negative
area between the source layer and the LFC (w,., = 1.56
m s~ '), so convection occurs.

Comparisons with observations show that the evo-
lution of convection over this area using the new trigger
function follows more closely the observed patterns of
convective development for the warm season on un-
disturbed days. Mountain-generated storms generally
do not develop here until several hours after a morning
convective boundary layer has formed (e.g., between
1000 and 1100 local time or 1600 and 1700 UTC).
Using the new trigger, isolated pockets of convection
did not develop until 1600 UTC. This contrasts sharply
with the simulation using the FC trigger, where much
of the Front Range and the Rockies of central Colorado
were experiencing convection after the first hour. The
sounding at the location where convection was initiated
using the new trigger (Fig. 15) shows that the environ-
ment was similar to the typical environmental evolution
preceding thunderstorm formation along the Front
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Range (Toth and Johnson 1985), that is, the develop-
ment of a convective boundary layer indicative of the
development of a mountain—valley circulation.

¢. Great Plains environment

The 1200 UTC model-generated sounding for grid
point C in southeastern Kansas (Fig. 16) indicates a large
amount of potential buoyant energy for the layer of air
below 900 mb. However, due to the deep stable layer in
the lowest 150 mb, the possibility of realizing this poten-
tial is remote. Satellite images during the first 7 h (Fig.
5) show that over much of Kansas convection does not
occur. There are some low-level clouds over eastern Kan-
sas throughout the time period, but deep convection is not
evident anywhere in the region except over extreme east-
ern Kansas and central Missouri. No deep convection is
observed over grid point C during this time period.

1) FC TRIGGER

Examination of the 1-h convective rainfall ending at
1300 UTC for the coarse-mesh simulation using the FC
trigger function (Fig. 7) shows that this trigger initiated
convection over most of eastern Kansas, including grid
point C. Convection began at point C 18 min into the
simulation. Referring to Table 1, there is an elevated
source layer for the convection and about 100 mb of
lift necessary for the source-layer air to reach its LCL.
Nevertheless, as a result of the positive resolvable-scale
vertical velocity at the LCL, the FC scheme provides a
large thermal perturbation to the parcel, thereby en-
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FIG. 16. Same as in Fig. 6 except for grid point C
at 1200 UTC using the FC trigger function.
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FiG. 17. Same as in Fig. 6 except for grid point C
at 1800 UTC using the new trigger function.

abling it to reach a higher temperature than its envi-
ronment at the LCL. This is sufficient for the FC
scheme to trigger convection. Inspection of convecrive
rain plots for the next several hours (not shown) shows
that this basic pattern of convection over Kansas per-
sists. The source layers for the convection at grid point
C during these hours remain in the 800—820-mb range.

The means by which convection is initiated by the
FC trigger in this case are similar to how convection is
initiated for the mountainous environment described
previously. The source layer for the convection is
within the nearly dry adiabatic layer aloft. This souice-
layer air must ascend almost 100 mb before reaching
its LCL. Because the FC trigger assumes the parcel will
reach its LCL, all of the inhibition that would be en-
countered during that ascent is neglected. The FC
scheme does, however, correctly diagnose that the
boundary layer air cannot overcome the deep stable
layer just above the surface.

2) NEW TRIGGER

The simulation using the new trigger function pro-
duces a very different distribution of convection over
the Plains than the simulation using the FC trigger. Spe-
cifically, during the entire 12 h of the simulation, most
of Kansas remains free of convection. This is in stark
contrast to the simulation using the FC trigger, where
most of the state experiences convection during the first
6 h. The decision not to initiate convection using the
new trigger can be understood by examining Table 2,
which shows statistics from the new trigger for the
same time and from the same source layer that the FC
trigger initiated convection. Because the boundary
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layer is stable, the only contribution to the vertical ve-
locity perturbation comes from w; . The parcel does en-
counter some convergence within the source layer,
which strengthens the magnitude of the perturbation to
0.60 m s™'. However, this is still considerably less than
what is needed to overcome the amount of negative
area encountered by the parcel (wye, = 6.01 ms™).
Therefore, convection does not occur.

The new trigger continues to inhibit deep convection
even after a convective boundary layer has formed.
Figure 17 shows the model-generated sounding for grid
point C at 1800 UTC (1200 local time). A convective
boundary layer extends 100 mb above the surface.
Above the boundary layer is the remnant of the inver-
sion present in the 1200 UTC sounding (Fig. 16). In
spite of the development of the convective boundary
layer, a significant amount of convective inhibition re-
mains to be overcome. Table 3 shows that even with a
contribution from the convective boundary layer (w.,)
and resolvable-scale convergence, the final value for
the perturbation w' is insufficient to overcome the con-
vective inhibition, so convection does not occur.

5. Summary and concluding remarks

A general framework for defining convective trigger
functions for mesoscale numerical models was pre-
sented. The basis for the framework is that the trigger-
ing decision rests with two fundamental steps:

1) estimation of the magnitude of the largest sub-
grid-scale vertical velocity perturbation originating
from within each potential source layer, and

2) calculation of whether or not the perturbation is
strong enough to overcome the grid-resolvable nega-
tive inhibition between the source layer and the LFC.

Within this framework, a new trigger function for-
mulation that calculates the accessibility of potential
buoyant energy by subgrid-scale perturbations was pro-
posed. The formulation represents an improvement
over previous schemes in the way in which it diagnoses
accessibility to buoyant energy. It is expected that this
improvement will give the trigger applicability to a
wide variety of convective environments, ranging from
well-mixed, free convective boundary layers to stably
stratified, nocturnal boundary layers.

A test case exhibiting a variety of environments was
selected for simulation using a mesoscale model. The ef-
fectiveness of the new trigger in diagnosing the onset of
convection for three types of environments encountered
by the model (a frontal/outflow boundary environment,
mountainous terrain with daytime high-based convection,
and a Great Plains environment) was assessed and com-
pared with the performance of the FC trigger. In each of
the three environments, the new trigger function per-
formed better than the original FC formulation. In partic-
ular, the FC trigger prematurely initiated convection,
while the new trigger slowed or eliminated convective
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development. The tendency of the FC trigger to initiate
convection prematurely is attributable to two main fac-
tors. First, the FC trigger neglects the inhibition between
the source layer and the LCL of the parcel, so that per-
turbations have a smaller amount of inhibition to over-
come than if this negative area were included. Second,
the FC trigger defines the magnitude of the perturbations
based on the resolvable-scale vertical velocity at the LCL.
Since vertical motion typically increases with height, the
perturbation magnitudes increase as LCL heights in-
crease. Convection is therefore more likely to be initiated
earlier and from a higher source layer than what often
seems physically reasonable.

The new trigger function addresses both of these is-
sues. First, it accounts for the inhibition between the
source layer and the L.CL through its integration of the
parcel buoyancy equation. Therefore, the total amount
of inhibition that the rising parcel encounters is consid-
ered. Second, rather than defining a perturbation based
on resolvable-scale upward motion, the new trigger
takes an existing perturbation and modifies it based on
the resolvable-scale convergence/divergence obtained
by applying the continuity equation within the layer
being considered. Because the magnitudes of the ex-
isting perturbations decrease with height, the impact of
any increase with height of convergence/divergence is
limited. Further, since convergence/divergence typi-
cally does not increase with height like vertical motion
(Palmén and Newton 1969), the final perturbation
magnitudes are not as sensitive to height.

While the new trigger function addresses the major
components involved in assessing the likelihood of
convection, there are several aspects that need refine-
ment. First, a stronger link with resolvable-scale up-
ward motion is needed. This is in recognition of the
fact that organized convection relies upon a focused
area of upward motion to destabilize the environment
and focus the convection (e.g., mesoscale convective
systems). These areas of upward motion are typically
resolved by mesoscale models, and a functionality re-
lating the likelihood of convection to this upward mo-
tion would increase the chances of reproducing these
convective systems. Second, a more effective way of
handling the transition to a late afternoon/evening
boundary layer is needed. With the formulation pre-
sented here, once the boundary layer is no longer free
convective, a major contributor to the total magnitude
of the vertical velocity perturbation (often 60%—-70%)
is abruptly lost. This loss may prematurely end con-
vection in the early evening hours. Third, allowing for
mixing of the rising subsaturated parcel with the en-
vironment would more realistically diagnose the like-
lihood that the parcel could reach its LFC, especially
in dry environments. Such entrainment would lower the
6. of the parcel, reducing the depth of the cloud or
inhibiting its formation altogether. Inclusion of this
process likely would have prevented the spurious ini-
tiation of convection at grid point A. Fourth, a more
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precise functionality with respect to surface properties
(e.g., land-use categories, terrain profiles) would more
accurately capture the generation of perturbations from
inhomogeneities. Fifth, a contribution to account for
free-atmospheric perturbations created by processes
such as subgrid-scale gravity waves and Kelvin—
Helmbholtz waves would increase the possibility of con-
vective initiation from elevated source layers in the
absence of convective boundary layers. Finally, obser-
vational studies investigating all the proposed function-
alities would allow for a more precise formulation to
be developed.

We recognize, of course, that examination of the per-
formance of a trigger at a few grid points for a single
case is not a satisfactory measure of the robustness of
its formulation. Furthermore, many of the formulations
of this trigger lack a firm rooting in either an empirical
or a theoretical framework, but only because no such
framework exists in the literature. Nevertheless, im-
portant inferences were made about the validity of the
physical assumptions underlying each trigger by ex-
amining their decisions given the boundary layer struc-
ture, perturbation sources, and resolvable-scale circu-
lations. Moreover, the comparison of the performance
of the two triggers during the first hour of the simula-
tion is considered to be especially meaningful since the
differences between the environments encountered by
the two trigger functions were very small at this time.

While the results for this test case are encouraging,
it is recognized that much further testing will be nec-
essary to ascertain whether or not the new trigger will
be able to function successfully in the spectrum of en-
vironments encountered by operational models.
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